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Abstract

Massive multiple-input-multiple-output (MIMO) base station deployments and
millimeter wave (mmWave) spectrum utilization have been identified as promising
disruptive technologies, along with ultra-dense Heterogeneous Networks (UDHNS) to
meet the exponential data requirement of the next generation cellular networks. With the
proliferation of UDHNSs, optimal user-cell association in cellular networks, which is a
well-known open problem, will be exacerbated due to the power differential of macro and
small cells. This study investigates the user-cell association problem for ultra-dense two-
tier networks with massive MIMO deployment and small cells operating in mmWave
spectrum. The association problem is modeled as a convex utility maximization problem,
adapted from [11], and is a function of the user throughput. The problem is solved through
a centralized subgradient algorithm. Additionally, a game theoretical user-centric
distributed load balancing algorithm, inspired from [32], where each user chooses its
serving base station to maximize its user throughput selfishly, is also evaluated.
Moreover, these adapted algorithms are compared against smallest pathloss and
maximum downlink data rate association methods and it is demonstrated via extensive
simulations that both the centralized and user-centric approaches almost equally
outperform the smallest pathloss and maximum downlink data rate association
methodologies in terms of user throughput and cell load distribution. The results exhibit
average throughput gains between 20% and 40% for the majority of users if massive
MIMO UDHN deployments are operated in the mmWave spectrum as compared to

existing sub-6 GHz bands under the optimal user-cell association schemes.



Chapter 1: Introduction

Ever-growing demand for higher data rate in mobile cellular networks due to
rapidly developing technologies like device to device communication (D2D), small cell
deployment, internet of things (10T), HD video streaming and online applications such as
e-banking have incited new methodologies to complement existing cellular technologies
for data rate improvement. Three of the leading candidate methodologies for data rate
improvement in future mobile cellular networks include deployment of large number of
small cells, mmWave spectrum and massive MIMO systems. However, these
technologies face several key challenges towards integration with existing and future
cellular networks. These include resource allocation, user-cell association, efficient
spectrum utilization, interference mitigation, and power consumption.

This thesis addresses the two key problems in a two-tier ultra-dense mmWave
massive MIMO network: 1) The need for simulator supporting a very large number of
antennas for mmWave massive MIMO systems in Heterogeneous Networks (HetNets),
and 2) Investigation of user-cell association at mmWave frequency range.

1.1 mmWave Massive MIMO Ultra-Dense Heterogeneous Cellular Networks

The 21st century has already seen an exponential growth in wireless data usage,
thanks to the high proliferation of smart devices and ever increasing mobile applications.
With the introduction of new applications, such as augmented reality and 10T, this trend
is expected to only grow further. For instance, a forecast by CISCO showed that the
overall mobile data traffic is expected to increase from 2.5 EBs per month in 2014 to 24.3
EBs per month by 2019 [1]. The next generation of wireless networks, often referred to

as "bG" is targeting a data capacity increase of (100-1000x) from the current 4G LTE



networks [2]. Three design targets of next generation 5G wireless technology will involve
utilization of ultra-dense networks, new available large amount of bandwidth in the
mmWave spectrum, and higher spectral efficiency afforded by massive MIMO systems.
This has motivated the most recent research interests towards the merger of mmWave
spectrum and massive MIMO technology with the deployment of ultra-dense networks
which is essentially known as small cell deployment.

Cell densification with different types of base stations (BSs) such as macro and
small BSs with different transmit powers is a technique that already has been deployed
in the current fourth generation (4G) cellular networks. This technique can boost the
network capacity with high density deployment and offer user offloading from macro BSs
to small BSs.

Additionally, massive MIMO and mmWave spectrum utilization have been
identified as key enabling solutions to achieve more data capacity as envisioned for 5G.
Massive MIMO is a multiuser MIMO technology where each BS is equipped with an
array of hundreds of active antenna elements to communicate with single-antenna user
terminals that are far less in number as compared to the antenna elements at the BS. On
the other hand, given the shortage of available spectrum at traditional cellular frequencies,
mmWave spectrum (30 GHz -300 GHz) can be utilized to increase the available spectrum
by 200 times as compared to presently allocated sub 6 GHz spectrum [3]. Although
mmWave spectrum was considered unsuitable for cellular communication in the past due
to large free space pathloss and poor penetration through water and concrete walls, recent
mmWave outdoor propagation measurements and channel modeling has revealed its

promising potential for dense urban small cell deployments [4]. Furthermore, the smaller



wavelengths at mmWave frequencies enable large antenna arrays and spatial
beamforming techniques [5] which provide array gains to counter the larger free space
attenuation.

Massive MIMO antenna arrays have smaller antenna form factors at mmWave
frequency range making them suitable for dense urban deployment in a multi-tier network
consisting of dense small BSs tier overlaying relatively sparsely deployed macro BSs.
The deployment of large number of antennas at the base stations can provide a significant
increment in the spectral and energy efficiency of the cellular networks - thanks to
beamforming techniques [6]. Transmitting independent data streams simultaneously to
multiple users sharing same transmission resources leads to higher spectral efficiency. In
addition to that, very large array gain offered by massive MIMO enhances energy
efficiency of network.

Deployment of mmWave frequency spectrum can meet demand for high data rate
for indoor high-speed wireless applications and be very suitable candidate for outdoor
point-to-point backhaul links. However, mmWave deployment is still being debated due
to its limitations such as the very high free space pathloss in the first meter of propagation,
rain fading, penetration loss and high oxygen (0,) absorption due to higher frequencies.
Nevertheless, these limitations can be overcome through dense deployment of small cells
with hundreds of antennas which can provide very high capacity enhancement in
conjunction with short-range mmWave technology. Figure 1 shows a potential 5G
network architecture with high frequency (HF) and mmWave massive MIMO
deployment. Figure 1 shows that operating at mmWave frequency can enable large

number of antenna deployment even in some transportation systems, which have enough



space for the deployment, for next generation 5G HetNets. Additionally, it is shown that
5G network architecture can operate at both HF and mmWave frequencies concurrently.
In the Figure 1, fiber or wireless backhauls are used in order to coordinate BSs. Moreover,
the 5G HetNet architecture can embody virtual cells which can be either user centric or

network centric [7].
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Figure 1. 5G network architecture with mmWave massive MIMO deployment

For HetNets with co-existing mmWave small BSs and sub 6 GHz macro BSs, the
problem of inter-tier and intra-tier offloading becomes non-trivial and requires
incorporating the impact of load on rate characterization [8]. Another associated
challenge that has not been extensively researched so far is the optimal user-cell
association particularly with mmWave small cells. Due to high sensitivity of the
mmWave to static blockages such as buildings, a significantly high pathloss for non-line-
of-sight (NLOS) mmWave links is experienced which results in significantly different
pathloss exponents for line-of-sight (LOS) and NLOS scenarios [9]. Additionally, the

abrupt nature of the mmWave channel renders Reference Signal Received Power (RSRP)



and/or Reference Signal Received Quality (RSRQ) [10] as unsuitable candidates for the

user-cell association criteria.

Recently several advanced user-cell association schemes have been proposed vis-

a-vis massive MIMO deployment in HF spectrum [11], [12]. Given the contrasting

beamforming designs and channel blockage effects, how well these association schemes

work in a massive MIMO mmWave deployment at femto BSs and how much gain (if

any) can be expected is yet to be explored. To the best of my knowledge, this thesis is

first attempt to investigate this problem as this thesis has proposed.

1.2 Contributions

The contributions of this thesis are presented below:

User-cell association in massive MIMO deployments in mmWave based
UDHNSs requires understanding and incorporation of mmWave specific
channel characteristics as well as practical beamforming strategies for
each tier in dense urban environments. Keeping these factors in
consideration, this thesis offers a system model that enables a comparative
analysis of the recently proposed optimal user-cell association schemes
with the traditional approaches from the non-massive MIMO era.

For the designed system model, a network utility function is defined as a
function of user throughputs for optimal user-cell association and a
logarithmic network utility maximization problem with proportional
fairness between the users is formulated. It is shown that the network
utility function is convex and achieves global optimum when unique user-

cell association is employed, i.e. when each user is associated to one small



BS at maximum during any arbitrary time slot [11]. Contrary to the
recently proposed approach in [11] which optimizes user-cell association
based on per user instantaneous data rates, this thesis considers the effect
of increased bandwidth available at mmWave spectrum in the utility
function that enables higher data rates and consequently higher probability
for user offloading from macro BS to small BS tier.

In order to simulate massive MIMO UDHNs operating at mmWave
spectrum, a system level LTE simulator has been developed as part of this
study. The simulator, which has been adapted from an existing simplified
LTE simulator, contains module which can calculate SINR value with
conjugate beamforming, zero-forcing beamforming (ZFBF) and analog
beamforming.  Additionally, inter-cell interference and pilot
contamination are also considered in this module. A module is also added
to simulate massive MIMO and MIMO systems in the simulator. The
simulator also incorporates mmWave pathloss model as well as two
additional network topologies for UDHNSs. The simulator also allows the
option to choose from two different user-cell association algorithms
adapted from [11] i.e., smallest pathloss and maximum downlink data rate
algorithms.

This thesis performs a comparative analysis of four different user-cell
association methods by leveraging the mmWave massive MIMO system
model. The results indicate superior performance of the centralized

subgradient and distributed user-centric association as compared to the



traditional maximum downlink data rate and smallest pathloss association
schemes. Additionally, performance comparison with the existing massive
MIMO UDHNs model [11] reveals that operating the small BSs at higher
frequency (mmWave) enables throughput gains due to higher spectrum

availability and stronger pathloss degradation of the interfering signals.

1.3 Organization

This thesis is organized into four parts as follows: Chapter 2 details the problem
of optimal user-cell association scheme for next generation ultra-dense mmWave massive
MIMO cellular networks. In addition to that, radio propagation is also discussed in
Chapter 2. Chapter 3 presents a new MATLAB based improved system level simulator
developed as a part of this study to enable investigation of mmWave massive MIMO for
heterogeneous networks. An analysis and comparison of the performance of algorithms,
explained in Chapter 2, for the massive MIMO deployment in HF spectrum and mmWave
spectrum is presented in Chapter 4. Finally, the thesis concludes with future prospects of

this study in Chapter 5.



Chapter 2: User-Cell Association Methods for mmWave Massive

MIMO Wireless Networks

In this chapter, Section 2.1 gives a brief survey of existing works for user-cell
association and load balancing. The system model for mmWave massive MIMO UDHNs
is described and a convex problem formulation adapted from [11] are given in Section
2.2. Additionally, the Langrangian dual analysis is studied for the user-cell association
problem in Section 2.3. Finally, this chapter describes maximum downlink data rate
method, smallest pathloss method and a game theoretical user-centric method for user-
cell association in Section 2.4.

2.1 Related Works

Although user-cell association has been extensively discussed in literature, few
studies have discussed it from the perspective of newly-emerging mmWave HetNets. In
this section, the literature related to user-cell association and load balancing with the
fairness criteria in multi-tier wireless networks has been reviewed. The section closes
with a summary of the objective presented in the thesis.

In conventional networks, users are associated with the BSs that provide the
highest received power [13]. However, this can cause macro BSs to become heavily
loaded when heterogeneity is considered due to the different transmit powers of macro
and small BSs. Therefore, a new user-cell association methodology is required for the
efficient use of resources in the network. In case of massive MIMO UDHNSs, maximum
RSRP based association does not provide the same user association as that with maximum
SINR based association. This is due to beamforming techniques which increase the SINR

with respect to the number of transmit antennas. In this regard, in [14], it is shown that



biasing can provide load balancing by increasing the coverage of small BSs with an
artificial biasing value. This raises a new problem relating to the optimal biasing value.
Similarly, [15] also considers a fixed bias value for user offloading to small cells. In [11],
the optimal user-cell association is defined using a convex problem and the utility
function is maximized by solving a centralized subgradient algorithm in massive MIMO
UDHNSs operating at HF spectrum. The load balancing is proposed for massive MIMO
UDHNSs in [11] by a game theoretical approach where each user tries to maximize their
throughput in a selfish way. However, this work does not consider mmWave as this thesis
does.

While one of the early studies in client association [16] aims to maximize network
utility function under joint power constraints in downlink code-division multiple access
(CDMA) networks, it is shown that joint optimization of client association can increase
the overall network throughput. Network utility maximization is also considered in [17]
with proportional fairness where scheduler allocates more RBs to a user who has better
channel quality. Similar to the approach in [11], in [18], the authors propose a game
theoretical algorithm for association problem and maximize the user throughput at the
Nash equilibrium.

In [19], a dual subgradient based algorithm is proposed as a solution of network
utility maximization problem in massive MIMO HetNets to maximize rate gain and
minimize interference challenges originating from small cell deployment. The proposed
algorithm provides more than 2x rate gain for cell edge users and optimal user-cell
association without interference management. However, the mmWave spectrum has not

been considered in this work.



In [20], optimal user-cell association in mmWave 60 GHz is considered. The
authors propose a distributed algorithm to optimize the user-cell association by balancing
BS utilization. Another study [21] proposes a network utility maximization problem with
proportional fairness in mmWave massive MIMO HetNets. The low complexity
distributed algorithm maximizes the network utility function under power constraints.
According to the power constraints, the price of power consumption cannot be more than
harvested energy. The proposed algorithm outperforms the maximum RSRP and
maximum SINR schemes by providing higher throughput.

In this thesis, two algorithms are adapted from [11] with the additional difference
of considering utility function as a function of bandwidth. However, in the proposed
system model, the small BSs and macro BSs operates in different spectrum with different
amount of bandwidth. Therefore, a convex network utility maximization problem in case
of mmWave UDHNSs is formulated and solved by a centralized subgradient algorithm.
Additionally, the user throughput is maximized by a game theoretical user-centric
distributed algorithm.

2.2 System Model
2.2.1 Radio Environment and Parameters

This thesis considers a two-tier system with macro BSs (MBSs) and small/femto
BSs (FBSs) distributed across a 2-dimensional plane and operating in the HF and
mmWave spectrum respectively. j € J = {MBS1, MBS2, ..., MBSM} U {FBS1, FBS2,
..., FBSF}and ke K={1, 2, ..., K} are used to index the BSs (combination of M MBSs
and F FBSs) and users respectively. The users are assumed to be distributed across the

macro BS tier foot-prints in a non-homogenous manner with higher concentration within

10



specified hotspots. The femto BS distribution is modeled using an independent Poisson
Point Process. This work assumes that all users in the network are served with
proportional fairness (PF) and each user is served by only one BS at a time. The notations
used in this thesis are presented in Table 1.

Table 1 Notation Summary

Notation Description
J, K set of BSs (MBSs, FBSs), set of single antenna UEs
Aj number of antennas at BS j
S number of downlink data stream transmitted by BS j on
J a given slot
Ty throughput of user k
Cr.j downlink capacity of user k served by BS j
S;/A; spatial load of BS j
Ik, pathloss and shadowing between BS j and user k

Q number of symbols per slot for uplink pilots

T number of downlink OFDM symbols per time slot
P; transmit power of BS
d

B

distance between an arbitrary user and its associated BS
total bandwidth

Ny noise power

Ng noise figure

ky, Boltzmann’s constant

Ty temperature in degrees Kelvin

K| number of users served by BS j

m;, number of migrations observed by user k in i-th iteration
p switching probability

This thesis assumes massive MIMO deployment both at macro BSs and femto
BSs with A; as the number of antennas and S; as the data downlink stream capacity per
time slot at any MBS / FBS j. Using time division multiplexing (TDD), the BSs learn
about the channel coefficients via the pilots transmitted by the associated users in the
uplink. This allows each BS to serve a set of up to S; associated UEs within one time slot

by using linear zero-forcing beamforming (LZFBF) and analog beamforming in MBS

11



and FBS tiers respectively. The beamforming gain is particularly important for the
mmWave channel to offset the free space pathloss due to higher frequency and blockage
effect.

For transmission, this work considers OFDMA based scheme where each user
schedules transmissions over contiguous time frequency slots, also referred to as resource
blocks (RBs) [22]. The block-fading channel model that captures the effect of both large-
scale and small-scale fading is assumed. The shadowing effect (large-scale fading)
between an arbitrary BS j and user k is considered constant across all RBs. Because the
HF and mmWave spectrum exhibit varying channel characteristics, distinct small-scale
fading models for MBS - user and FBS - user channels are used. For the MBS-user link,
the small-scale channel coefficients which are same within every OFDM RB, but not
necessarily same across RBs, are modeled as Rayleigh fading coefficients. In case of
FBS-user association, the small-scale channel is modeled by independent Nakagami
fading for each channel with different coefficients N, and Ny for LOS and NLOS links.
If hy ; represents the small-scale fading between a user k and a FBS j, then |h; ;|* is a
normalized Gamma random variable. However, due to the effect of channel hardening in
massive MIMO systems [23], the effect of small scale channel coefficients is ignored in
the model, i.e., it is considered that |k ;| = 1, V keK, je J.

2.2.2 Blockage Model

In outdoor communication, blockages cause very different pathloss values for
LOS and NLOS links [24]. mmWave signals not only have attenuation because of the
high building but also they tend to attenuate due to smaller objects like human body. In

order to model pathloss in mmWave frequency, there is a need for a blockage model to

12



calculate pathloss values with higher accuracy and in a more realistic manner. Therefore,
a blockage model suggested by 3GPP to differentiate between LOS and NLOS link is

assumed. The model suggested in 3GPP [25], [26] is given in Figure 2.

LOS kall ”,-"'""""‘“--.. D
e
’
!, ‘::::::::::::::} \

Base station

LOS link

User‘ ’

"'-._—--’

&

Rectangular process

I
"

-
i

Figure 2. Building blockages model

The model calculates a distance dependent probability function. Although the
function is dependent on the distance, it is a deterministic non-increasing function of
distance and can take values between 0 and 1 only. The function makes a mapping based
on the distance and calculates assuming it is LOS. Even though the function P,,s(d) is
dependent on distance, it can vary for different environments like urban and suburban
areas. This work assumes an urban scenario and the function [26] is given for urban areas

below.
18 _4 _a
P, ps(d) = min (7, 1) (1 —e 63) +e 63 1)

The function calculates a LOS probability based on a LOS region for a user k

determined according to the position of nearby buildings like in Figure 2.
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2.2.3 Downlink capacity and user throughput in mmWave massive MIMO systems
The instantaneous downlink capacity within one time slot is given by the
logarithm of one plus the signal-to-interference-plus-noise ratio (SINR). The throughput
introduced in [27], which is the downlink capacity in unit of bps, includes the total
bandwidth, the ratio of number of symbols used sending data to the total number of
resource blocks which are 7 OFDM symbol long, and the ratio of useful symbol duration

to the OFDM symbol interval:
Cioj = B (52) (1) log2 (1 + SINRy, ) @)
where B is the total bandwidth, Q is the number of symbols per slot for uplink pilots and

T is the total number of OFDM symbols within each time slot. 7;—” is the ratio of useful

N

symbol duration to the total symbol duration and has been considered as unity without
any loss of generality.

Let u, ; be and index indicating that an arbitrary user k is connected to a BS },
then

©)

" = {1, if user k associated with BS j
kJ 710, otherwise

The load of BS j in a given time slot is assumed as the number of users associated
with it which can be expressed by

|Kj| = Skex i,V jel (4)
The user throughput adapted from [11] is given as:

Tk = XjejQk,jCrj . ¥V keK (5)
where a ; represents the activity fraction of RBs allocated to user k by the serving BS j,

and can take value in the range [0,1].

14



S; ,
_ ﬁ, V keK; if S; < |Kj|

T vkeks i 5 = 1K) ©)
Note: In this thesis, the terms capacity and rate are used interchangeably.
2.2.4 User SINR with LZFBF
The achievable rate depends on the SINR value at a user k who is associated with
BS j. It is assumed that perfect channel state information (CSI) is available. Under this

assumption the SINR value at user k associated with a macro BS j is adapted from [28]

and given by

A
(S—;—l)g,%,jp,-
SINRkJ = ﬂ_ (7)

MNo+ Xiegizj GitPrt Xy ja(0),4j G, DGk iP1

In (7), n > 1 is the normalizing factor that guarantees that no BS infringes power
constraints and the value of the normalizing factor is negligible when the number of
antennas at BS j (4;) is very large [27]. gy ; denotes the shadowing (large-scale) and
distance dependent pathloss.

If the system is purely interference limited, the SINR value is dependent on the
square of (g ;) which includes shadowing and pathloss [27]. Because of that, the SINR
formula given above includes the square of g, ; on both the desired signal and inter-cell
interference and the system noise power is given by N, = Npk, T} B.

2.2.5 User SINR with analog beamforming

mmWave frequencies can reduce the physical size of the antenna arrays. This
makes it possible to pack large number of antennas in a small area. When the number of
antennas increases, the implementation of digital beamforming techniques like LZFBF

becomes infeasible because of the higher power consumption and higher costs [29].

15



Therefore, the SINR value at user k associated with a femto BS j derived from [21], [27]

is given by

A .
I\ 42 .
(S—]_)gk,jpj

SINR,; = 8)

A
NNo+ Xiejitzj Gigk1P1+ Zlej(q(k)):lij(s—;)g;%,jﬁ
where G; expresses the relative power radiated by the interfering BS | in the direction of

the user k served by BS j [21].

(A : ity L
5’ with probability 7
1 . . 1
G, = —\ ,with probability (1 - \/_A_z> )
sin2| =X |
A
\ \Zj;f/

mmWave systems are not interference limited but noise limited. In denominator of SINR
equation, the effect of interference is negligible due to the high pathloss.
2.2.6 Convex Problem Formulation

This thesis assumes PF in the problem formulation in order to allocate more RBs
to users with stronger downlink channels. A convex problem formulation is adapted from
[11] with only an additional difference which is the definition of throughput. In [11], the
throughput is given as a function of instantaneous rate, downlink data stream, and load of
the BS. It does not consider bandwidth since both femto cells and macro cells operate at
same HF and the total bandwidth is same both for femto cells and macro cells. However,
in this work, macro and small cells operate at different frequencies and they both have
different bandwidth. This makes the throughput function defined in [11] unadaptable.
Therefore, the throughput function is considered as a function of bandwidth in this thesis.

In this regard, a logarithmic overall network utility function is defined as U(r) =
Y.k log rwhich is maximum when the user throughputs are maximum. The given utility
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function is a concave and monotonically increasing. The following optimization problem

manifests a logarithmic utility function for the optimal user-cell association for load

balancing:
m%)’crirzngze U(r) (10a)
subjectto rp < Xjejay,; Cr j, V keK (10b)
Ykek Ukj < Sj, Vje] (10c)
Yieg k<1, VkeK (10d)
1. =0, aj = 0,VkeK, je] (10e)

The constraint (10c) in the maximization framework limits the total activities of
the users attached to BS j to be within the downlink data streams S;. Similarly, constraint
(10d) states that in case of multiple BS associations to a single user, the limit of the sum
of activities of the all the BSs which serve a user k cannot exceed unity. Note that (10d)
makes the problem (10) different from the classical unique association problem
formulation, in which each user can only be served by one BS at max. However, the
solution of (10) gives a feasible upper bound benchmark to any user-cell association
which enforces unique association [11]. Finally, constraint (10e) ensures that no user is
suffering from zero throughput, i.e. all admitted users have positive downlink data rates.
The defined user association problem (10) is known to be convex with the solution
providing an optimally feasible association configuration [11].

2.3 Langrangian Dual Analysis and Centralized Subgradient Algorithm Based
Solution
For the solution of problem (10), the Langrangian duality function is given similar

to [11] and it takes the form:
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L(a,r,0,1,9) = U(r) — Ty w(re — Xj ay, jCr )
_Zj.‘ij(Zkak,j_Sj)_Zkﬂk(Zjak,j_l) (11)
=U@) — Xpwrte + X518 + Xk 9% + Xwj) @k, j(0rCrj — 1; — 9) (12)
where r > 0 and a > 0 are the primal variables and w, u, 9 are the Lagrange multipliers.
The dual function G is the maximum of Langrangian function over a and r and can be

minimized over the feasible set of dual variables to give the optimal global solution of

the convex problem (10).

G(w,u,9) = ma>% L(a,r,w,u,9) (13)
a,r =

minimize G(w, w,9) (14a)

subject to w, u,9 >0 (14b)

The Langrangian dual function can be maximized when the term ¥ iy ay ;j( @ Cy j —

1 — 9y) disappears. In this case, the dual function is modified as follow:

minimize maé( { U(r) - Zk Wi Tk} + Z] ,LLJSJ + Zk I (153)
rz

subject t0 wy Cy j < uj + 9,V (k,J) (15b)
W, 190 (15¢)

Theterm { U(r) — Y wy 17} can be written as { ., U(1,) — Y wi 13}, Where U(ry,) =

log(r,) and it can be maximized individually. In this case, the maximum of this term is

foundatr, = wi and the maximum value is —log(r,) — 1. From (15b), the dual variable
k

wy can be eliminated, since the minimization over w can be found when w; =

min {%’9"} Finally, the dual function can be written as:
j k.j
. AR )
min Y ; ;S + Yi 9k — X log( min {]cT,k}) (16a)
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st u9=>0 (16b)
The adapted dual problem in (16) is a convex function of dual variables (u,9) since the
second partial derivatives with respect to dual variables g and 9 exist with a non-negative
value [21]. Based on above analysis, the centralized subgradient solution for the dual
problem in (10) is given by Algorithm 1.

2.3.1 Centralized Subgradient Algorithm (Algorithm 1)

The following algorithm gives the solution of dual variables u, 9 and calculates
the maximum throughput values given in problem (16).

Step 1: Establish some positive initial values for dual variable vectors u and 9

and fix a sufficient number of iterations i,,,, and step size t! = ﬁ where a > 0,

b= 0.
Step 2: Initialize the association of all users with a serving MBS / FBS. Each keK

decides its serving BS je/ on current dual variables pfand 9taccording to ji =

Ck,j

argmax .
g . [,tj+19k

J

Step 3: Calculate the number of users attached to the BS j for the i-th iteration and
let it be K.

Step 4: Update the dual variables uj-“ and 951 according to the current values
of dual variables for the i-th iteration (y]i- and 9},) by taking the partial derivatives

of (16) with respect to ;and ¥ respectively according to:

’uj--'_l = max <<H; + ti (ZkeK;(MJ + 19k)_1 - S])> ) 0) and
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9it! = max ((ﬁ,ﬂ + ¢! (((uj +9) - 1))),0).

Step 5: Go to step 2 and continue while i < i,,,4y-
Algorithm 1 presents a globally optimal solution for the convex dual problem (16) where
during each iteration, the dual variables (Step 4) provide association based on the
maximum throughput for each user (Step 2). However, the results observed may not be
optimally feasible but nearby feasible for the primal problem (6) because of the distinct
characteristic of the primal problem and limited number of iterations. The dual variables
obtained by subgradient algorithm are nevertheless known to provide a near optimal
solution for the primal problem [30].

2.4 User-Cell Association Methods

In conventional cellular networks operating at HF, the user-cell association
decision is usually performed by maximum RSRP. In this case, the user is associated with
the BS which offers the highest received power to it where the received power is a
function of channel gain which includes pathloss and shadowing (large-scale). The effect
of shadowing varies slowly in conventional networks. However, this variation in
shadowing is slower in mmWave cellular networks than conventional networks due to
blockages on the received power. Therefore, in mmWave cellular networks, the slowly
varying fluctuations caused by shadowing may not be accounted for user-cell association.
Because of this reason, cell association performed according to smallest pathloss where
each user associated with a BS which provides the smallest pathloss to it [31]. Here,
Section 2.4 gives the definition of smallest pathloss and maximum downlink capacity cell
association schemes in which the load of a BS is not taken into account, and a game

theoretical user-centric association scheme.
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2.4.1 Smallest Pathloss User-Cell Association Model
This method associates a user with a BS which provides the smallest pathloss.
After the association decision is made by every user, the activity fraction of a user and its
serving BS is calculated by (6). This method provides a unique association for all users.
In this case, user k will have a value of a; ; to only BS j. Corresponding equation is given

in (17).

Si
ak,j = |Kj|’
0, forj # j

i
orJ =k an.

2.4.2 Maximum Downlink Capacity User-Cell Association Model

In the system model used in this thesis, macro BSs have less bandwidth than femto
BSs which operate at mmWave frequency. The very high bandwidth enhances the
capacity in mmWave spectrum. In [11], the association is made according to maximum
instantaneous rate (bps/Hz). Even if bandwidth is taken into account for association in
[11], the association is not going to change, since both macro BSs and femto BSs operate
at HF sharing same bandwidth. However, in mmWave massive MIMO system, instead
of maximum instantaneous rate (bps/Hz), using maximum downlink capacity (bps) is
more appropriate than maximum instantaneous rate. A user k chooses a BS j which
provides the maximum downlink data rate. After that, it calculates its activity fraction to
the serving BS by (6).

2.4.3 A Game Theoretical Distributed Approach for User-Cell Association

In this section, an algorithm is adapted from [11] to find the optimal association

of users to BSs. The algorithm requires load information of the BSs during the association

decision process as opposed to the conventional user-cell association performed by
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maximum downlink capacity, maximum RSRP or smallest pathloss schemes. The
presented user-centric distributed algorithm performs the association based on the
maximum throughput, i.e. each user aims to associate with a BS which maximizes its
throughput in a selfish manner. Compared to the centralized subgradient, this distributed
non-cooperative game theoretical approach provides a low complexity implementation
yet near optimal solution to (10).

Consider a pertinent scenario where each BS in the network allocates its
transmission resources to its associated users in a fair way (PF). However, each BS is
assumed to be associated with at least S; users (indicating fully loaded BSs) in the
network. On the other hand, each user can only be served by only one BS (unique
association). For load-based distribution implementation, a typical mmWave massive
MIMO system with heavily loaded BSs (MBSs, FBSs) is considered.

In the distributed approach, a user tends to change its association configuration
until there is no more BS which offers better throughput. At this saturation point, all the
users in the network reach an equilibrium point referred as "Nash equilibrium™. When the
scheduler operates in PF mode, every user uniquely reaches the Nash equilibrium if the
distributed algorithm is performed selfishly [32]. The condition for the discussed Nash

equilibrium using PF is given by

e |K1|+1,V keK,V j,le],l # (18)

2.4.4 User-Centric Distributed Algorithm (Algorithm 2)
Step 1: Initialize the iteration count and the number of migrations observed by all
users as i = 0 and m = 0 respectively. Fix a sufficient number of iterations i,,,,

and a realistic switching probability p.

22



Step 2: Every user keK updates it BS-association during each iteration and
switches from its current serving BS k to a different BS | when the following

conditions are met:

5,C SiChi . .
Lkl 5 2RI > v keK, VY j, lef,1 # j and
[Kyl+1 |k

rand < p™uctD,
Step 3: During each iteration i, increment the migration count m;, by 1 for each
user k whenever k migrates from its current BS j to a different BS | (i.e. when

conditions from Step 2 are satisfied).

Step 4: Go to Step 2 and continue while i < i,,4y-
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Chapter 3: Development of System Level Simulator

Although there exist a number of freely available network simulators such as NS-
3, Vienna LTE simulator, LTE-sim, etc., they are complex and not easy to modify. As a
result, the dependency between simulator modules makes implementation of new
algorithms or modifications like mmWave pathloss model a time-consuming process.
Additionally, most available simulators are concerned with physical layer properties like
bit error rate (BER) whereas this thesis’s interest rests in system level performance
analysis and evaluation. To overcome these issues, a system level simulator was designed
as a part of this study which incorporated mmWave pathloss model, massive MIMO
systems and ultra-dense HetNets.

As a starting point, an existing MATLAB based system level LTE simulator
which was developed by Wireless Systems Research Lab, Hitachi America Ltd. has been
chosen. The simplicity of this system level LTE simulator enables easy modification and
implementation of additional functions and network topologies. The detail of the
simulator is described in this chapter.

The organization of Chapter 3 is given as follows. In Section 3.1, the
specifications of the existing MATLAB based Hitachi system level simulator called
Cellular Network Topology Toolbox is given. In section 3.2, the shortcomings of the
simulator are addressed. Finally, in Section 3.3, the modifications and improvements

made in the simulator are introduced.
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2.1 Cellular Network Topology Toolbox

This simulator has been developed under MATLAB 8.2.0.701(R2013b) to
support both macro and small cell network topologies by considering the 3GPP
specifications. It can be run under MATLAB 8.2.0.701(R2013b) or higher versions.

3.1.1 The Network Scenarios supported in the Simulator

The simulator is able to perform simulation for only four different urban
scenarios. All the parameters used for each scenario are taken from [31]. These scenarios
are explained below:

1. Urban Macro: Uniformly distributed users are served only by macro BSs
which are located at the center of each hexagonal area. Each macro BS has
very large cell area and serves only outdoor users.

2. Urban Micro: Micro BSs have smaller cell radius and serve both indoor and
outdoor users uniformly distributed in a dense urban environment.

3. HetNet Conf 1: Macro BSs are located at the center of each cell and small
cells and users are uniformly located around macro BSs. In this scenario, both
macro and small BSs serve both indoor and outdoor users.

4. HetNet Conf 4b: This model presents a hot-spot scenario where macro BSs
are located at the center of each cell and small cells are uniformly distributed
around macro BSs and a fraction of users are located around small cells with
uniform density. In this scenario, both macro and small BSs serve both indoor

and outdoor users.
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3.1.2 Channel Model

The simulator supports only single antenna BSs and users. It calculates channel
gain as a function of pathloss, shadowing antenna gain and feeder loss. The feeder loss
is taken into account only for urban macro scenario and it is given by

Prx — Ptx = PL + SF + AG + Lnisc (19)
where Prx, Ptx, PL, SF, AG, Lmisc are the receive power, transmit power, distance
dependent pathloss, shadowing, antenna gain and feeder loss respectively. Pathloss and
shadowing takes different values based on frequency and whether a user is indoor or
outdoor and whether a link is NLOS or LOS.

The simulator supports 7 cells or 19 cells with 3 sectors. The 7 cells with 3 sector

hexagonal network layout is given in Figure 3.
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Figure 3 The hexagonal network layout
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3.1.3 Main Modules of the Simulator

The description of the main modules in the existing simulator are given in Table

Table 2 Main modules of the Simulator

Module Name

Description

GenMacroTopology Generates the position of eNBs in hexagonal network
layout.

GenRRH Generates the position of small cells per cell with
uniform distribution by considering the distance
constraints.

GenUEPosForMacro For urban macro and urban micro scenarios, the function
generates uniformly distributed user position in each cell
with distance constraints.

GenUEPosForHetNet1 For HetNet1 scenarios, the function generates uniformly
distributed user position in each cell with distance
constraints.

GenUEPosForHetNet4b For HetNet4db scenarios, the function generates

uniformly distributed user position in each cell with
distance constraints. However, a fraction of users are
located around small cells.

GenChannellUMa

Generates large scale channel between outdoor users and
BSs for urban macro scenario.

GenChannellUMi

Generates large scale channel between outdoor and
indoor users and BSs for urban micro scenario.

GenChannelHetNet

Generates large scale channel between outdoor and
indoor users and BSs for urban HetNet scenarios.

CalcAntennaGain

Generates the 3D antenna gain considering both
horizontal and vertical antenna lobes for a user to all
BSs.

UE2BSASssoc

Associates a user with a BS based on maximum RSRP
within the handover margin selected.

PlotNetworkTopology

Plots the hexagonal network layout.

2.3 Shortcomings of the Cellular Network Topology Toolbox

The simulator explained above is a basic system level LTE simulator. Although
it is very simple to modify, it needs to be improved due to its shortcomings with respect
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to the system model presented previously. The first shortcoming of the simulator is that
it does not consider inter-cell interference and pilot contamination. It should be added
into simulator because of the fact that technologies like massive MIMO, require accurate
channel estimation in TDD mode. However, the use of non-orthogonal pilot signals used
for channel estimation causes pilot contamination. The second limitation of the simulator
is that it allows us to perform a simulation with only one antenna at transmitter and
receiver. Therefore, a module should be added to simulate MIMO or massive MIMO
systems. Operating a network in only HF spectrum should not be the only option and
mmWave pathloss model should be considered in the simulator. Additionally,
beamforming is a technique which can increase the SINR value but there is no
beamforming technique implemented in the simulator. Another shortcoming is that slow
fading is not modeled in the simulator. Finally, the load balancing is a significant way to
increase the user throughput particularly when the heterogeneity is considered.
Offloading the macro BSs with some user-cell association techniques should be
implemented into the simulator.
2.4 What is new in the improved simulator?

Based on the shortcomings explained in Section 3.2, some new functions which
can cope with the shortcomings of the simulator are implemented. In addition to that, two
new network scenarios which do not concern with sectoring into the simulator are added.
The descriptions of functions to create these topologies are given below:

1. HetNet Conf Rec: Macro BSs are located at the center of square areas. Small

cells are uniformly distributed within the rectangular area and a fraction of

users are located uniformly around macro BSs with higher density.
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2. HetNet Conf 2: Macro BSs are placed in the center of each cell and each cell
has three hot-zones with higher user density and each hot-zone has randomly

placed 4 small cells in it. Users are generated with uniform distribution.

Figure 4 The rectangular network layout

Figure 4 and 5 shows the network layout for HetNet Conf Rec and HetNet Conf

2 respectively.

1000

=500

-1000 |

Figure 5 The hexagonal network layout for HetNet Conf 2

The following Table 3 introduces the description of new modules related to

HetNet Conf 2 implemented in the simulator.
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Table 3 Modules related to HetNet Conf 2
Module Name Description

CalcSINR Calculates the SINR value in downlink with zero
forcing beamforming, conjugate beamforming and
analog beamforming by considering the inter-cell

interference.
GenHotSpotCenter Generates randomly placed hot-zones within each cell.
GenPilotSignal Generates mutually orthogonal pilots. It allocates a set

of mutually orthogonal pilots to be shared amongst the
macro BSs whereas the small BSs share a different set
of mutually orthogonal pilots shared amongst small
BSs.

GeneratesUEPosForHetNet2 | Generates uniformly distributed user position with
higher density within hot-zones.

CalcThrDistributed Associates a user with a BS based on a game theoretical
user-centric distributed method by considering the load
of BSs. Users selfishly try to maximize their throughput
by running the algorithm given in Section 2.4.4.
CalcThrSubgradient It presents a solution for a convex problem which aims
to find optimal user-cell association by running the
algorithm given in Section 2.3.1

CalcThrMaxRate Associates a user with a BS which offers maximum
downlink rate. It does not consider the load of BSs.
CalcThrSmallestPL Associates a user with a BS which offers the smallest

pathloss. It does not consider the load of BSs.
GenChannelForMasMIMO | Generates M; x S; channel matrix where M; and S; are
the number of antennas and number of downlink data
stream and calculates PL, SF and slow fading modeled
as Rayleigh for massive MIMO and mmWave massive
MIMO.

GenRRHwithinHotZone Generates small cells randomly placed within each hot-
zone.

Table 4 presents the definition of some modules related to HetNet Conf Rec.
Additionally, all the user-cell association schemes and some functions like CalcSINR,
GenPilotSignal and GenChannelForMasMIMO given in Table 4 can be used for HetNet

Conf Rec as well.

30



Table 4 Modules related to HetNet Conf Rec

Module Name Description

GenMacroTopForRec Generates location of eNBs for rectangular area. It
positions them in the center of two square areas showed in
Figure 4.

GenRRHForRec Generates small BSs within rectangular area, uniformly
distributed, by considering distance constraints.

GenUEPosForRec Generates UE position with a non-homogeneous Poisson
point process with higher density around macro BSs by
considering distance constraints.

PlotRecNetworkTop Plots the rectangular network layout.
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Chapter 4: Experimental Evaluation
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Figure 6 Network Layout

This chapter evaluates the performance of user-cell association algorithms for
massive MIMO deployment in two-tier network under two different set ups:

1. HF-HF (both tiers operating at HF).

2. HF-mmWave (macro BSs operating at HF while femto BSs at mmWave
frequency).

The baseline algorithms used for comparison with the centralized subgradient
algorithm and distributed user-centric algorithm both adapted from [11] are the maximum
downlink data rate and smallest pathloss schemes.

This experiment considers a downlink two-tier UDHN consisting of two macro
BSs having 100 antennas each with 46 dBm transmit power and randomly deployed 34
femto BSs having 40 antennas each with 35 dBm transmit power in a rectangular region
of dimensions 900m x 1800m. The macro BSs are placed in the center of two square areas
identifying hot-zones (higher user concentration) for the non-uniform user distribution in

the simulation area. Each hot-zone contains about 1/3rd of the total user-count with the
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Table 5 Simulation Parameters

Parameter Value
Bandwidth of mmWave femto BS, 800 MHz,
Carrier Frequency 38 GHz
Bandwidth of macro BS, Carrier 20 MHz
Frequency 2 GHz
Rectangular Area 900m x 1800m
Number of users 3000
QT 3,7
Ng, Tk, ky, 7dB, 290° Kelvin, 1.38 x 10723 J/Kelvin

Two-slope LOS pathloss model of HF
macro BS

22log(d) + 34.02 + X, if 10m <d <320m
40log(d) — 11.02 + X,;, if 320m < d<5000m
g=4

NLOS pathloss model of HF macro
BS

39.1log(d) + 1956 + X,, 0 =6

Two-slope LOS pathloss model of HF
femto BS

22*log(d) + 34.02+ X, if 10m < d <120m
40log(d) — 3.36 + X, if 120m < d<5000m
o=3

NLOS pathloss model of HF femto BS

36.710g10(d) + 30.53 + X, o =4

Pathloss model of mmWave femto BS

4
20|09(7n) +10a,0s(0r nL0s)109(d) + X4
LOS o = 46, aLOS: 19
NLOS: o = 123, aANLOS— 3.3

Probability of LOS (pLOS) for
mmWave femto BS

d d
min(18/d, 1)(1 - e 36) + e 3

Probability of LOS (pLOS) for HF
macro BS

da

d
min(18/d, 1)(1 - e "&3) + e 53

Transmit power of macro BS and
femto BS respectively

46 dBm, 35 dBm

A; for macro BS and femto BS

. 100, 40
respectively
S; for macro BS and femto BS 10 4

respectively ’

User height 1.5m
Base station height Femto BS: 10m, Macro BS: 25m
Radius of femto BS 40m

p 0.1
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spatial distribution varying in each simulation run to provide more accurate results. The

femto BS deployment is uniform throughout the simulation area as shown in the network
snapshot in Figure 6. The macro BSs, femto BSs and users are represented by 0O, © and

+ respectively.

An intra-BS interference free network is assumed by allocating a set of 10
orthogonal pilots to be shared amongst the macro BSs whereas the femto BSs share a
different set of 4 orthogonal pilots for channel estimation. A detailed list of simulation
parameters is presented as Table 5.

The pathloss model for mmWave small cells is taken from [4] and a two-slope
pathloss models for macro cells and small cells both operating at HF spectrum are
assumed [31].

Figure 7 presents the performance comparison of the user-cell association
algorithms explained in Chapter 2 in terms of 5-percentile user throughput for the

mmWave massive MIMO network layout given in Figure 6.
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Figure 7 Performance comparison of algorithms in terms of 5-percentile
throughput in mmWave band
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The 5-percentile user throughputs result in Figure 7 shows that the adapted centralized
subgradient and game theoretical user-centric distributed algorithms outperform the
baseline schemes. Maximum downlink data rate method demonstrates the worst
performance in terms of the user throughput while the modified algorithms from [11]
show almost identical results. However, maximum downlink data rate method
demonstrates better performance than the smallest pathloss method for HF-HF massive
MIMO system whose 5-percentile user throughput is given in Figure 8. The results
indicate that for a massive MIMO system operating at HF, the adapted algorithms provide

better performance but the worst performance is observed by smallest pathloss.
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Figure 8 Performance comparison of algorithms in terms of 5-percentile
throughput in HF band

Figure 9a and 9b reveal the indistinguishable performance of the centralized
subgradient with the user-centric distributed algorithm. In addition to that, in case of

arithmetic mean throughput, the performance of the smallest pathloss method is almost
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indistinguishable from the performance of centralized subgradient and game theoretical

user-centric distributed algorithms.
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Figure 9 Arithmetic and geometric mean throughputs in mmwWave massive MIMO
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Figure 10 Comparison of distributed algorithm with smallest pathloss algorithm

In Figure 10, the performance of the distributed and smallest pathloss user
association algorithms is compared by taking the ratio of their respective throughput
statistics and plotting the CDF of the results obtained in each iteration. Gains are observed

for each of the data rate statistics presented in Figures 7, 9a and 9b. For instance, it is seen
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that for about 60% of the iterations, a gain of 20% is achieved in the 5-percentile data

throughput.
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Figure 11 Comparison HF-HF versus HF-mmWave network

Figure 11a presents a comparison of the 5-percentile data throughput performance
gain when the femto BS-tier is operated at mmWave spectrum instead of the HF band.
The ratio of the 5 percentile statistics is obtained for each association scheme in mmWave
vs HF massive MIMO schemes and the CDF results are plotted for analysis. The results
indicate that with smallest pathloss association, about 50% users will experience 2x data
rates increase when femto BS-tier is operated in the mmWave spectrum. The results are
intuitive since the drastic variations in mmWave channel allow this association scheme

to be better suited at mmWave as compared to the HF spectrum. The increase in the data

37



rates with centralized subgradient and distributed user-centric in mmWave spectrum is
marginal as given in Figure 11a. To analyze the overall data rate improvement in the
mmWave spectrum, the 5-percentile throughput of the optimal association schemes in

Figure 11b is compared and 30% increase is observed for almost half of the realizations.
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Figure 12 Load distribution for user-cell association algorithms for mmWave
network

Figure 12 presents the load association of users with the macro BSs and femto
BSs under the four different user-cell association schemes analyzed in this thesis. The
number of users associated with each BS in descending order is plotted while clearly
demarcating the macro BS and femto BS tier association. In terms of offloading the macro
BSs, the game theoretical distributed user-centric and centralized subgradient algorithms,
which are dependent upon the load of BSs, outperform the baseline algorithms. The
maximum downlink rate association shows worst performance with high loads on the
macro BSs. The balanced distribution of the load within BSs of each tier shows efficient

load balancing capabilities of the proposed algorithm.
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Figure 14 shows the number of users attached to the each macro BS when the
simulation is run according to algorithms given in the Figure 13 legend. The worst
performance is observed by maximum downlink data rate. However, in the distributed
algorithm, macro BSs have less number of users as compared to the other algorithms with
highest 5- percentile throughput.

Figure 15 shows the total number of users associated with femto BSs in the
network and it can be deduced that the distributed algorithm provides more relaxation on

the macro BSs in terms of the load.
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Chapter 5: Conclusion and Future Work

The primary objectives of this thesis were to find out which user-cell association
method will work best for next generation mmWave massive MIMO networks, and
development of a MATLAB based system level simulator for HetNets.

To accomplish the desired goals, four different user-cell association methods have
been implemented after a detailed literature review of relevant studies on user-cell
association. Then, a comparative analysis of the algorithms studied was presented for a
multi-tier (UDHNs) with massive MIMO deployment in both HF and mmWave
spectrum. Additionally, a simple MATLAB based system level LTE simulator was
modified and improved for this work. The comparative analysis of the algorithms was
performed by using a simulator developed in this thesis for mmWave massive MIMO
UDHN:Ss.

The four user-cell association methods analyzed in this thesis were implemented
in the simulator. The first method is called the centralized subgradient algorithm which
aims to maximize the overall proportionally fair network utility function by maximizing
user throughput. The basic idea of the algorithm is inspired from [11] and the optimization
problem is adapted with an additional difference. The difference is the identification of a
new utility function which is a function of bandwidth in order to analyze the effect of
large bandwidth available in mmWave spectrum for user-cell association and user
throughput. The second method is also adapted from [11] but again bandwidth is
considered as a part of the utility function. The third and fourth methods are called
maximum downlink rate and smallest pathloss respectively. The effect of each user-cell

association method was investigated using different key performance indicators including
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the user throughput and cell load. The performance of both mmWave massive MIMO
and HF massive MIMO networks are observed by implementing the aforementioned
algorithms. Results indicate that both centralized subgradient and game theoretical user-
centric distributed algorithms outperform rest of the algorithms and yield higher
throughput in mmWave network deployment as compared to the HF network
deployment. However, it is observed that smallest pathloss model is more suited for
mmWave deployment then HF deployment. It is because the shadowing varies slowly in
conventional networks, however; it is almost negligible in mmWave communication
systems because of the blockages in the received power [31]. The simulator results
presented in this thesis prove this statement. While the performance of game theoretic
user-centric distributed association method almost matches the performance of
centralized subgradient association method, the simplicity in its implementation without
requiring a centralized unit renders it as a suitable candidate for user-cell association in
future mmWave massive MIMO.

To sum up, the mmWave spectrum can be one of the best candidates to boost user
throughput along with massive MIMO technology, since it enables packing of large
antenna arrays in a smaller area. The increment in the number of antennas can provide
more antenna gain with proper beamforming techniques to overcome the very large
pathloss of mmWave signals. Additionally, the large amount of mmWave bandwidth can
bring an enhancement of the user throughput in conjunction with the gains obtained
through large antenna arrays.

While the objectives of this thesis have been achieved, the user-cell association

algorithm requires further refinements including cell load considerations. Although the
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adapted algorithms from [11] consider the load of base stations, these algorithms do not
have any threshold for the number of users for both macro and femto BSs. A new
association scheme which can limit the number of users which will attach to a BS with a
certain threshold can be investigated as a part of the future study. In addition to that,
further improvements can be proposed by incorporating cell individual offset (CIO) to
artificially increase the coverage area of small cells. Moreover, SINR biasing can be
considered to improve the algorithms as well. Furthermore, although a system level
simulator has been developed as a part of this thesis which can cope with the
shortcomings given in Section 3.2 by modifying an existing simulator, it can be further
improved in the future by adding user mobility, handover procedures and uplink

scheduling.
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